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Developmental toxicity

� Endpoint: adverse effects of chemicals following maternal exposure 
during pregnancy-lactation

� Cause: disruption of morphogenesis and differentiation via direct 
(embryonal) or indirect (maternal) chemical targets

� Manifestation: traditionally evaluated in two lab animal species, usually 
rat and rabbit, monitoring endpoints for: 

1. fetal growth retardation (FWR)
2. structural defects (malformations)
3. fetal deaths (resorptions)
4. functional deficits (latent disorders)
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Profiling developmental toxicity

SOURCE: Knudsen et al. (2009) Reproductive Toxicology SOURCE: Knudsen et al. (2009) Reproductive Toxicology SOURCE: Knudsen et al. (2009) Reproductive Toxicology SOURCE: Knudsen et al. (2009) Reproductive Toxicology 
(in press) DOI 10.1016/j.reprotox.2009.03.016(in press) DOI 10.1016/j.reprotox.2009.03.016(in press) DOI 10.1016/j.reprotox.2009.03.016(in press) DOI 10.1016/j.reprotox.2009.03.016

In vivo endpoints (target, description)
www.epa.gov/ncct/toxrefdb

ToxRefDB 387 chemicals, 751 prenatal studies,
988 effects annotated (enhanced DevTox.org)

283 chemicals x 293 effects � 19 target
systems from rat (   ) and rabbit (   ) studies
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Fetal Weight Reduction (FWR)
226 chemical hits

Malformations
544 chemical hits

Fetal Deaths (resorptions)
448 chemical hits

New challenge: predicting endpoints with 
cell-based (in vitro) data

~75 pathways with ≥ 5 chemical hits �
developmental endpoints
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in vitro assays
(ToxCast™)

in vitro assays
(ToxCast™)

in vivo database
(ToxRefDB)

in vivo database
(ToxRefDB)

chemical landscape
(ACToR)

chemical landscape
(ACToR)

predictive signatures

virtual tissues

Goal: predictive modeling & understanding 
mechanisms of developmental toxicity

309 chemicals

470 assays 293 effects

www.epa.gov/ncct/



6Office of Research and Development
National Center for Computational Toxicology

Computational ( in silico ) models

Cell
Changes

Molecular
Pathways Phenotype

Tissues

Cellular
Networks

Cellular Systems

VIRTUAL TISSUES PARADIGM
• local cell changes linked to pathway-level perturbation
• then propagated to a higher level by systems of interacting cells
• network state relationships ultimately determine the outcome
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Source: Keller et al. (2008) Science 322: 1065-1069

early embryonic development tracked with H2B-EGFP 
by DSLM at 90s intervals over 18h

NR

LV

Digital embryo: image-based 
reconstruction of a zebrafish embryo
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Source: Keller et al. (2008) Science 322: 1065 – 106 9

reverse-engineering the cellular dynamics in 
optic vesicle formation

Morphogenetic blueprint
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Cellular primitives
• growth (proliferation)
• death (apoptosis)
• differentiation (function)
• adhesion (DAH)
• shape (geometry)
• motility (cell migration)
• ECM (remodeling)
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• shape (geometry)
• motility (cell migration)
• ECM (remodeling)

Core developmental processes
• patterning (sets up future events)
• timing (clocks and oscillators)
• differentiation (cell diversification)
• morphogenesis (tissue organization)

Core developmental processes
• patterning (sets up future events)
• timing (clocks and oscillators)
• differentiation (cell diversification)
• morphogenesis (tissue organization)

Toolbox of morphogenesis

After: Bard (2005) J Anat 206: 1 - 16

Directed cell movement
• contact guidance (boundaries)
• haptotaxis (ECM tracks)
• chemotaxis (chemical signals)

Directed cell movement
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Morphogenetic movement
• folding
• epiboly
• convergent extension
• branching morphogenesis
• cell condensation
• cell sorting
• trans-differentiation
• cavitation
• involution
• tractional forces
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Hes1-EGFP time-lapse (3h) clock-wavefront
SOURCE: Masamizu et al. (2006) PNAS USA 103:1313-18 

In silico model, CompuCell3D software
SOURCE: Glazier et al. (2008) Cur Top Dev Biol 81:205

Prenatal exposure, boric acid
SOURCE: John Rogers, RTD/EPA 

‘Cells’ as autonomous agents:
example: somite segmentation clock
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Early eye development
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SOURCE: CB Chien lab (2009)
http://chien.neuro.utah.edu/

Zebrafish embryo
membrane: EGFP-CAAX
nuclei: H2A.F/Z-mCherry

Mouse embryo
Source: K Sulik
http://www.med.unc.edu/embryo
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Gene network

EMAGE DevTox Pa Pb Pab Sscore Rscore
Wnt2b Microphthalmia 38 365 1 3.065753 0.486537
Vax1 Ocular coloboma 11 120 3 96.64091 1.985161
Tbx3 Microphthalmia 47 365 1 2.478694 0.394223
Tbx2 Microphthalmia 55 365 1 2.118157 0.325958
Sox2 Anophthalmia 221 193 3 2.990786 0.475785
Sox2 Ocular coloboma 221 120 1 1.603394 0.20504
Sox2 Small lens 221 103 1 1.868031 0.271384
Six6 Anophthalmia 23 193 2 19.15837 1.282359
Six6 Microphthalmia 23 365 1 5.065158 0.704593
Six6 Retina fold 23 88 1 21.00889 1.322403
Six3 Anophthalmia 94 193 4 9.375372 0.971989
Six3 Microphthalmia 94 365 5 6.196736 0.792163
Six3 Ocular coloboma 94 120 1 3.769681 0.576305
Six3 Open eye 94 153 1 2.956612 0.470794
Six3 Retina fold 94 88 1 5.140474 0.711003
Six3 Small lens 94 103 1 4.391861 0.642649

Si Small lens 444 103 1 0.929808 -0.03161
Rax Anophthalmia 15 193 1 14.68808 1.166965
Rax Ocular coloboma 15 120 1 23.62333 1.373341
Rax Retina fold 15 88 1 32.21364 1.50804

Pax6 Anophthalmia 587 193 2 0.750669 -0.12455
Pax6 Microphthalmia 587 365 11 2.183109 0.339075
Pax6 Ocular coloboma 587 120 5 3.018313 0.479764
Pax6 Open eye 587 153 2 0.946922 -0.02369
Pax6 Small lens 587 103 10 7.032963 0.847138
Pax2 Aphakia 335 29 1 4.376943 0.641171
Pax2 Microphthalmia 335 365 1 0.347757 -0.45872
Pax2 Ocular coloboma 335 120 16 16.92418 1.228508
Otx2 Anophthalmia 239 193 1 0.921846 -0.03534
Otx2 Microphthalmia 239 365 2 0.974884 -0.01105
Otx2 Open eye 239 153 1 1.162852 0.065524
Msx2 Microphthalmia 200 365 1 0.582493 -0.23471
Mitf Microphthalmia 100 365 42 48.92942 1.68957
Mitf Retina fold 100 88 1 4.832045 0.684131

Meis1 Microphthalmia 42 365 1 2.773777 0.443072
Bmp4 Anophthalmia 518 193 1 0.425331 -0.37127
Bmp4 Microphthalmia 518 365 2 0.449802 -0.34698

TM PubMed returned 5,889 records for ocular 
genes in development across 4 species (rat, 
mouse, zebrafish, human)

Computing relevance scores for association of 
gene-malformation in the eye based on co-
occurrence of DevTox terms in the abstracts

SOURCE: A Singh (2008)
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FGF8 disruptedkeystone network

CC3D arrays

Pax6 disrupted

SOURCE: M Rountree, NCCT 2009
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Developmental trajectory of lens:
ToxCast™ module predicting eye defects
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EPA’s Virtual Embryo

� Motivation: computational models to navigate complex relationships 
in the embryo and predict key in vivo events from in vitro data

� Research goal: simulate embryonic tissues reacting to perturbation 
across chemical class, system, stage, genetic makeup, dose and time

� Inputs: detailed knowledge of biochemical targets, molecular 
pathways, cellular networks, and emergent phenotypes 

� Outputs: modular reconstruction of specific systems (short-term) and 
the human embryo (long-term) 
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